This study investigated the nanofiltration (NF) fouling behavior by two surface waters that serve as source waters for full-scale integrated membrane systems (IMS) of the Tatamagouche 
INTRODUCTION
Membrane filtration technology has been gaining increased usage in the drinking water industry because of its superior removal of disinfection by-product (DBP) precursors, minimal use of chemicals, reduction in sludge production and potential for use in a compact treatment train system while being economically feasible, particularly in smallscale systems (Pressdee et al. ) . Low pressure microfiltration (MF) and ultrafiltration (UF) membranes are mostly used for the removal of particulate matter, and high pressure nanofiltration (NF) and reverse osmosis (RO) membranes are used for the removal of organic substances, multivalent ions and micro pollutants. Integrated membrane system (IMS), using low pressure (MF/UF) membranes followed by high pressure (NF/RO) membranes, has been used as a multi-barrier approach in drinking water treatment. The NF membrane is of particular interest in drinking water treatment applications because of capabilities for high rejection of dissolved organic compounds and multivalent ions and operation at much lower pressure than the RO membranes.
Despite continued advances in membrane filtration technologies, membrane fouling is the major expense in the operation of membrane processes in water treatment. In full-scale operations, NF/RO membranes are exposed to different water constituents such as inorganic ions, natural organic matter (NOM) and biological compounds such as microorganisms and soluble microbial product which can contribute to membrane fouling. Among these NOM present in the source water plays a vital role as primary foulant The source water for the Tatamagouche WTP is the French River. The French River is a shallow river that flows through the surrounding agricultural and natural land-use areas. The water quality of the river is degraded during periods of high precipitation and seasonal changes during the spring and fall associated with run-off events.
Two source water samples used in this study were collected in the fall 2010 during a period when water quality had not deteriorated following a heavy rainfall event. Each water quality parameter was measured in triplicate and standard deviation was reported. The water quality characteristics of the French River water are provided in Table 1 .
Both the UF and NF membrane filtration modules utilized in the Tatamagouche IMS plant design were manufactured by GE Water and Process Technologies. ). The overall system recovery is designed at 71% recovery. Details on design and operating conditions of the NF membrane are presented in Table 2 .
Raw water supplied to the Collins Park WTP is from
Fletcher Lake. The lake is part of the Shubenacadie watershed, one of the largest and most developed watersheds in Nova Scotia. The lake receives primary inflow from the south, via Lake Thomas. Fletcher Lake is used for many recreation purposes and is largely developed along the eastern and southwestern edges with residential properties and light commercial businesses. Developments along the eastern lakefront include onsite water and wastewater systems.
There are also two municipal wastewater treatment plants located along the southern lakefront which discharge treated effluent into the lake. Storm water flowing from properties, highways and the surrounding catchment area also discharge to the lake. As source water for municipal drinking water, the general water characteristics of Fletcher Lake are typical of those found in many similar surface supplies in Nova Scotia, and are summarized in Table 1 . ) per rack at a flux of 2.58 ×
) and recovery of 95.7%. Range of feed pressure ( Permeate from the UF modules is stored in an intermediate transfer tank that is used as NF feed water.
The NF system consists of pre-filtration through a 5 μm cartridge filter and a 1-1 membrane array of two pressure vessels, each containing 4 × 200 mm NF modules (Hydranautics ESPA4). Each NF module has a surface area of 37.1 m 2 providing a total NF membrane area of 296.8 m 2 .
The permeate production rate from the system is 1.83 ×
) at a recovery of 80% and average per module flux of 6.14 × 10
Bench-scale NF membrane fouling tests
Bench-scale NF fouling experiments were conducted under laboratory conditions. The purpose of the bench-scale tests was not to simulate the full-scale conditions, but rather to understand full-scale NF fouling with bench-scale observations that will help isolate the role of water quality in observed differences in full-scale data.
Bench-scale commercially available DK-NF membrane test sheets (GE Osmonics, Minnetonka, MN) were used in this study. The DK-NF membrane is a thin-film composite membrane with a three-layered structure with a porous polysulfone support and an active polyamide layer (Al-Amoudi et al. ). The DK-NF membrane test sheets were purchased in a flat sheet and pre-cut form (14.6 cm × 9.5 cm) from the manufacturer. The properties of this membrane are presented in Table 3 . The bench-scale NF apparatus was operated in recycle mode, in which concentrate and permeate were returned to the feed water tank. To maintain constant temperature (24 ± 2 W C) of the feed water, the concentrate line was passed through a water refrigerated bath (Thermo Scientific NESLAB RTE Series, P/N U00694) before recycling into the feed tank. The membrane fouling experiments were conducted for 4 days (96 hours) for both source waters. The permeate flow rate was monitored regularly by measuring the volume of water collected in each hour in a graduated cylinder.
Full-scale data were normalized by membrane-specific temperature correction factor (TCF). Because the temperature correction factor is dependent on membrane and 
Here T is the membrane operating temperature, Q T is the permeate flow rate at temperature T and Q 25 W C is the permeate flow rate at 25 W C.
Water samples were collected from the feed and the permeate tanks of the bench-scale NF apparatus every two hours to measure UV 254 , dissolved organic carbon (DOC), conductivity, trihalomethane formation potential (THMFP) and haloacetic acid formation potential (HAAFP). Percentage DOC rejection was calculated as follows:
where C p and C f are the DOC concentrations of NF permeate and feed waters respectively.
Water quality analysis
Water samples (feed water and permeate) were characterized in terms of pH, ultraviolet absorbance at 254 nm (UV 254 ), DOC, conductivity, THMFP, HAAFP, cations (sodium, calcium, magnesium) and anions (phosphate, chloride, nitrate). THMFP and HAAFP were determined using the uni- 
RESULTS AND DISCUSSION
Impact of feed water characteristics on membrane fouling and NOM rejection As expected with the significant decreases in DOC and UV 254 after NF treatment, significant reductions in DBP Table 4 | NOM removal during NF fouling experiments with the source water from the Tatamagouche WTP and Collins Park WTP Organic molecular weight distribution analysis UVA detector as a function of retention time for the two source water samples used in this study. Although the intensity of the peak for the Collins Park source water was higher than that of the Tatamagouche source water, the overall trend of the spectra (i.e. presence of peaks at set retention times) was found to be the same for both source waters. The higher molecular weight UV-absorbing organics were eluted in the column first before the lower MW UV-absorbing organics. Note that since the UV detector can only measure the UVabsorbing organic compounds, the HPSEC results presented in this study are limited to UV-absorbing organics only. Table 5 shows the MW of each peak for both samples.
The first peak with high MW organics (∼58,000 Da) most likely represents protein-type organic molecules as polysac- showed that a higher percentage (∼58%) of the organic material was hydrophilic in nature (Lamsal et al. ) .
Roughness of foulant layer by AFM analysis
The AFM images for virgin and fouled membrane samples are presented in Figure 5 . The three-dimensional images were taken in each case with scan size of 10 μm × 10 μm. Visually, the foulant layer was noticeably thicker on the NF test sheet that processed the Collins Park source water than the test sheets that processed the Tatamagouche source water.
Morphological analysis of foulant layer by SEM Figure 6 provides the SEM images of the virgin and fouled test sheet membranes after 96 hours of treatment with the Collins Park source water and the Tatamagouche 
